The genetic relatedness among 96 invasive Escherichia coli belonging to several serogroups and 13 non-invasive of several serotypes that share the same O antigen was investigated by multilocus enzyme electrophoresis analysis. The invasive strains were isolated in different parts of the world and most of them recovered from dysentery. Twenty-nine electrophoretic types were distinguished and the most invasive strains were found to belong to two major lineages. These results suggested that the invasive ability in these strains has evolved in divergent chromosomal backgrounds, presumably through the horizontal spread of plasmid-borne invasion genes. The maintenance of invasive phenotypes in separate lineages suggests that this ability confers a selective advantage to invasive strains. z 1999 Published by Elsevier Science B.V. All rights reserved.
Introduction
Some Escherichia coli strains are positive in the Sere èny test for invasiveness and cause a Shigellalike illness in humans, both children and adults [16 ] . The ability to invade colonic epithelial cells is mediated by a large plasmid encoding genetic determinants required for invasion [1, 3] . These E. coli strains are known as enteroinvasive E. coli (EIEC) and this name has been universally accepted [7] . The EIEC corresponds to bioserotypes found in a dozen of E. coli serogroups [8] . Interestingly, some of these O antigens are identical or similar to Shigella O antigens [7] .
The role played by EIEC in endemic diarrheal disease has not been investigated extensively. However, some studies indicated that these bacteria can be isolated with relatively high frequency depending on the population investigated. In the city of Sao Paulo, in Brazil for example, EIEC has been found in 5^7% of children living in medium-income families and in 20% of children who live in a slum, in the outskirts of the city. Both groups studied involved children older than 2-years-old, and they all showed acute diarrhea [8] . A similar frequency to that of Sao Paulo, has been reported by Echeverria et al. in Bangkok [9] . Outbreaks of food-borne infections due to EIEC have also been reported elsewhere [4] .
Studies carried out on the biochemical characteristics of EIEC strains have shown that these bacteria do not decarboxylase lysine and except for a few serotypes, most strains are not motile. Strains that possess EIEC O antigens but decarboxylase lysine are always Sereny negative. These characteristics suggest that EIEC strains correspond to typical E. coli bioserotypes [10, 11] .
Multilocus enzyme electrophoresis (MLEE), which has long been a standard method in eukaryotic population genetics and systematics, has been used in studies to estimate the genetic diversity and structure in natural populations of a variety of species of bacteria. This research has established basic population genetic frameworks for the analysis of variation in serotypes and other phenotypic characters and has provided extensive data for systematics and useful marker systems for epidemiology [12] .
In the present study, we determined the genetic relationship among invasive strains in an e¡ort to learn more about the evolution of the invasive phenotype. We examined isolates representing ten EIEC serogroups commonly recovered from dysentery and characterized chromosomal backgrounds by MLEE. We compared the MLEE pro¢le of EIEC strains with that of non-invasive, motile strains belonging to the same serogroups.
Materials and methods

Bacterial isolates
A total of 96 enteroinvasive and 13 non-enteroinvasive E. coli strains isolated from patients with diarrhea from di¡erent countries, between 1965 and 1988 were studied in this study. The strains from Brazil were collected from di¡erent cities. A total of 10 EIEC serotypes were studied, 98% were collected from cases of diarrhea in humans, 68% of the isolates were from Brazil, and remaining strains were isolated in di¡erent countries. The biochemical pro¢les and the serogroups of all strains were performed by standard methods [7] . Invasiveness was assessed by the Sereny test [13] . The number of invasive strains and their O and £agellar antigens of isolates are listed in Table 1 .
Multilocus enzyme electrophoresis.
Genetic variation was analyzed by horizontal starch gel electrophoresis to detect polymorphisms for 20 enzyme loci, as previously described [14] . Electromorphs were compared to standard mobility markers and assigned mobility ranks by the rate of migration. Isolates lacking a particular enzyme activity were designated null for that particular locus. Each distinctive array of alleles was designated an electrophoretic type or ET [14] . The allelic arrays for the 20 loci de¢ning ETs are listed in Table 2 .
Phylogenetic analysis
Phylogenetic relationships between ETs were determined based on a matrix of genetic distances between all pairs constructed by comparisons of the allelic arrays. The neighbor-joining algorithm was used to constructed the dendrogram with the program MEGA [15, 16] . The resulting phylogenetic tree produced is a representation of the genetic divergence observed in the di¡erent in the chromosomal backgrounds.
Results
Enzyme polymorphism electrophoretic groups and clonal groups
All 109 isolates were examined for allelic variation at 20 enzyme loci by MLEE. Fifteen of 20 enzymes loci were polymorphic, with an average of three alleles per locus. Comparison of the allele pro¢les of strains revealed 29 electrophoretic types (ETs), 19 of which included enteroinvasive strains (Tables 1 and  2 ). Among the total 29 ETs, 15 were represented by multiple isolates recovered from unrelated hosts at di¡erent times and di¡erent countries. Thus, these ETs were considered to mark widespread bacterial clones. In all but 4 cases, the isolates of the same ET belonged to the same serotype. The exceptions were: (1) ET 7, which comprised two invasive isolates of O124:H7 serotype and a non-motile O136:NM strain; (2) ET 9 included a non-invasive strain serotype O29 motile and an invasive O143:NM strain; (3) ET 15 included an O28:NM and an O non-typable strain, both of which were non-motile and invasive, and (4) ET 25, for which most of the O124 invasive isolates were non-motile, except for three isolates that expressed £agella antigen type H30.
Genetic analysis of the population
Genetic distance between each pair of the 29 ETs was estimated from the number of allelic di¡erences and analyzed with the average linkage algorithm. The resulting dendrogram shows that EIEC strains fall into three distinct groups (labeled I^III) at a genetic distance greater than 0.05 (Fig. 1) (Fig. 1) , but the most of 
Discussion
Genetic analysis of the population of EIEC has shown most strains fall into two monophyletic clusters (II and III). This is inferred from genetic distances between chromosomal genotypes based on protein polymorphism detected by enzyme electrophoresis. The two EIEC clusters are not closely related to E. coli strains which possess other mechanism for causing diarrheal disease (data not shown).
The occurrence of the invasive ability in diverse backgrounds suggests that lateral transfer of plasmid-borne genes has been important in the evolution of this virulence phenotype [17] . Strains that lack the invasive phenotype, based on the Sereny test, and that are found within the clusters of invasive strains suggest a recent loss of the invasive property. The recent loss of the invasive phenotype could be due to either the loss or chromosomal integration of the invasive plasmid. Integration represses expression of invasion genes and may be advantageous when bacteria are outside of host cells or face adverse environmental conditions [18] .
The present study showed 29 ETs, 19 of which included enteroinvasive E. coli strains. The similarity of ETs of EIEC strains having the same bioserotype, but varying in geographical origin. We observed that there was a high degree of divergence among invasive strains and non-invasive E. coli strains (Fig. 1) . Most of the strains that did not belong to the major clusters II and III were negative for invasiveness were motile and decarboxylase lysine positive (Table  1) . These results are in agreement with those found by Silva and co-workers. [10] , who showed that invasive E. coli strains belong to bioserotypes that do not decarboxylate lysine and with a few exceptions, are not motile. Bando et al. [19] showed the same distinction between EIEC and non-EIEC strains by a genetic study based on random ampli¢ed polymorphic DNA (RAPD).
